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The catalytic asymmetric Strecker-type reaction 1) is one of the most direct and efficient methods for the asymmetric synthesis of natural and unnatural a-amino acids. Recently, several excellent reactions of this type have been reported, reflecting the importance of this field.
2) We have been involved in this area, since we found that the Lewis acid-Lewis base bifunctional catalysis could provide a fundamental concept to design an asymmetric catalyst for cyanosilylation of aldehydes.
3) The bifunctional catalyst 1 promoted the addition of trimethylsilyl cyanide (TMSCN) to a variety of aldehydes with high enantioselectivities. The origin of the highly enantioselective catalysis by 1 is the simultaneous activation of the aldehydes and TMSCN by the Lewis acid (Al) and the oxygen atom of the phosphine oxide, respectively. Therefore, it seemed to be a rational extension to apply this catalyst to the development of an asymmetric Strecker-type reaction (the addition of TMSCN to imines). In this paper, we report that 1 is indeed a general catalyst for the asymmetric Strecker-type reaction (Chart 1). The reaction proceeds with good to excellent enantioselectivities toward various imines, including n-aldimines and a,b-unsaturated imines, in the presence of a catalytic amount of phenol (20 mol%) (catalytic system 1). Furthermore, we have found that TMSCN is more reactive than HCN in the reaction catalyzed by 1, which led to the idea to develop a novel catalytic system consisting of 1 (9 mol%), TMSCN (20 mol%) and HCN (120 mol%) (catalytic system 2). Based on these reactions, a-amino acid derivatives, including those containing functionalized side chains, can be prepared efficiently. 4) Optimization of the Reaction Using Catalytic System 1 Starting this project, we observed a dramatic effect of the substituent on the nitrogen atom of imines on the enantioselectivity (Table 1) . Although the reaction of TMSCN (2 mol eq) with the N-allyl benzaldehyde imine catalyzed by 9 mol% of 1 at Ϫ40°C gave the product with only 4% ee in 67% yield (entry 1), the reaction of N-benzhydryl imine gave the product with 78% ee in 84% yield (entry 2). The ee was further increased up to 95% (97% yield) by the reaction with Nfluorenyl imine 3a (entry 4). More bulky N-triphenylmethyl imine did not afford the product even at room temperature (entry 6). As a result, the best substituent on the nitrogen atom for this reaction seemed to be the fluorenyl group, which is also effective for the aliphatic pivalaldehyde imine 3m to give the corresponding aminonitrile 4m in 75% ee in 94% yield. As will be discussed later, the substituent on the nitrogen atom should be close to the naphthyl moiety of the catalyst in the transition state (see 7 in Chart 2). The fluorenyl group might be important for stabilizing this desired transition state possibly by p stacking interaction, thus giving the best ee's.
In order to increase the reaction efficiency by facilitating the reaction rate, we investigated the effect of additives and found that protic additives such as alcohols and phenol afforded a beneficial effect on the reaction rate (Table 2) . 5) Thus, by slowly (12 h) adding 6) 110 mol% of MeOH, iso-PrOH, tert-BuOH, or PhOH, all reactions using 3m were completed after 22 h, giving the product 4m in more than 94% yield and with 66, 68, 72, and 78% ee, respectively (entries 2-5). Although the ee of the product varied from 66 to 78% depending on the additive, the following results suggested that the additive does not play a major role in the enantioface selection step. First, when the chiral alcohol 2-phenylethanol was used as an additive, both the R and S isomer afforded R-4m in almost the same enantioselectivity (64 and 67% ee, respectively) and yield (90, 91%) (entries 7, 8) . Second, the 31 P-NMR spectra of the catalyst in the absence or presence of PhOH (20 mol%) was exactly the same under the reaction conditions (dϭ42.2, 51.2 ppm), thus suggesting a negligible interaction between the catalyst and the additive. Therefore, the protic additive seems to facilitate the reaction without changing the catalytic species.
We next investigated the possibility of promoting the reaction using a catalytic amount of the best additive (PhOH) without diminishing the synthetic utility of this reaction. Gratifyingly, even when the amount of PhOH was reduced to 20 mol%, the reaction was completed after 44 h to give 4m in 97% yield with 78% ee (entry 6). Consequently, the effective reaction conditions were found to involve the slow addition (17 h) of PhOH (20 mol%) to a mixture of 1 (9 mol%), the imine and TMSCN (2 mol eq) (catalytic system 1).
A variety of N-fluorenyl aldimines were examined as substrates for this optimized catalytic asymmetric Strecker-type reaction, and the results are shown in Table 3 (entries 1-13). Aromatic aldimines including heterocyclic aldimines, a,bunsaturated aldimines, as well as aliphtic aldimines can be converted to Strecker products in excellent yields with good to excellent enantioselectivities.
Mechanistic Studies In order to gain some insight into the reaction mechanism, the kinetic profile of the reaction was investigated. After adding PhOH in one portion, 7) the reaction was monitored by observing the disappearance of the imine proton of 3a (dϭ8.58 ppm). The results are shown in Fig. 1 . The initial reaction rate in the presence of 20 mol% of PhOH (᭹, initial steep dotted line) was 82 times faster than in the absence of PhOH (). After about 20% consumption of the starting imine (ca. 80 min), which corresponded to the complete consumption of PhOH to TMSOPh, the reaction 
ee (%) entered a slower phase (᭹, after 80 min). However, even in this slower phase, the reaction rate was ca. 2 times faster than in the absence of PhOH. This may be due to the re-generation of a very small amount of PhOH from TMSOPh and the product amine 4a. This re-generation of the proton source was also suggested from the fact that the initial reaction rate in the presence of 20 mol% of 4a and TMSOPh was ca. 2 times faster than in the absence of these additives. Since other precedents used HCN or Bu 3 SnCN as the nucleophile, we were interested in determining the active nucleophile in this catalytic system. Adding PhOH in one portion, the generation of HCN which could work as the active nucleophile, was observed by 1 H-NMR. However, when HCN (2 mol eq) was added in one portion, in the absence of TMSCN, the initial reaction rate was 0.4 times slower (Fig.  1, ᭡) than when TMSCN was used in the presence of 20 mol% of PhOH, and the ee value of the product 4a was only 53%. Furthermore, under the slow addition (26 h) conditions of HCN, which should better represent the best reaction conditions using TMSCN and slow addition of PhOH, 4a was obtained in 54% yield with 28% ee after 85 h. These results reveal the reactive nucleophile to be TMSCN. Although HCN may be generated under the reaction conditions by the reaction of TMSCN with PhOH, 8) the highly enantioselective pathway with TMSCN as an active nucleophile predominates, since the reaction rate with TMSCN is faster than with HCN in this catalytic system. Thus, the described reaction is the first example of a catalytic asymmetric Streckertype reaction with TMSCN as an active nucleophile. This unique feature of the catalytic system using 1 may be derived from the activation ability of the Lewis basic phosphine oxide moiety of the bifunctional catalyst 1 toward TMSCN.
3)
These mechanistic studies suggest that PhOH and/or HCN should work as a proton source to protonate the negative charge on the nitrogen atom which is generated by the addition of CN to the imine, thus accelerating the formation of 4 (Chart 2). A small amount of the proton source would be regenerated via the cycle II, thus significantly accelerating the reaction rate by using even a catalytic amount of PhOH.
Meanwhile, the dual activation mechanism by the bifunctional catalyst 1 seems to be supported by the following results. The absolute configuration of the products can be explained from the working model shown as 7 in Chart 2. The Lewis acid (Al) and the Lewis base (phosphine oxide) activate the imine and TMSCN, respectively, at defined positions thus affording R-products. Furthermore, a control catalyst 2, containing the diphenylmethyl group which should work only as a steric hindrance, afforded the opposite enantiomer S-4a with 15% ee in 100% yield (42 h), using 20 mol% of PhOH. Therefore, in the case of 1, TMSCN seems to attack the activated imine from the side of the phosphine oxide moiety.
Catalytic Asymmetric Reaction Using System 2 Taking the advantage of the intriguing reactivity difference between TMSCN and HCN in this catalytic reaction, we expected that, if HCN was used instead of PhOH, it would be possible to reduce the amount of TMSCN. After the attack of TMSCN and protonation of the resulting intermediate 8 in Chart 2 by HCN, TMSCN should be re-generated, which should again work as the nucleophile. Since the reaction of HCN with the imine might compete with the desired reaction of TMSCN as the nucleophile, we expected that it would be important to keep the concentration of HCN low enough by slow addition of HCN. Thus, using 20 mol% of TMSCN and slowly adding the solution of HCN (120 mol%) in CH 2 Cl 2 (system 2), we could obtain the products with comparable results as by the TMSCN-PhOH system (system 1) (Table 3 , entries 14-19). These results demonstrate the great potential for the application of this catalytic asymmetric reaction to a large-scale Strecker-type synthesis using HCN as a stoichiometric cyanide source, optimizing the amount of TMSCN and the addition time of HCN.
Conversion to a a-Amino Acid Derivatives Since the fluorenyl group has not often been used as a protecting group for the nitrogen atom, we did some studies to find a procedure to deprotect this group without racemization. Our idea was to oxidize the amine to fluorenone-derived imine, followed by hydrolysis (Chart 3). However, when the aromatic aminonitrile 4a was directly treated under oxidation conditions (MnO 2 , 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), ceric ammonium nitrate (CAN), or N-bromosuccinimide (NBS)), the target imine was not obtained at all. So, we first hydrolyzed 4a (95% ee) to the amide 9 (HCl (g)/HCO 2 H, r.t., 1 h). Recrystallization from tetrahydrofuran (THF)/ether gave the enantiomerically pure 9 in 90% yield. Oxidation of 9 by DDQ gave the corresponding fluorenonederived imine 10, which was converted to the amide 11 in The disappearance of 3a was traced by 1 91% yield by acid hydrolysis. Enantiomeric purity of 11 was determined to be 98% ee after conversion to the corresponding urethane by p-nitrobenzyloxycarbonyl chloride. In the case of the aliphatic aminonitrile 4m (78% ee), direct oxidation by activated MnO 2 gave the imine 12 in 95% yield with 77% ee. After acid hydrolysis to the corresponding aminonitrile 13, the nitrile group was hydrolyzed to the amino acid 14. The enantiomeric purity of 14 was determined after conversion to the protected form (N-9-fluorenylmethoxycarbonyl (N-Fmoc), methyl ester) to be 78%. Therefore, efficient routes for the conversion of the Strecker products were established. In the same way, 4k was converted to the a-amino acid derivative. The absolute configurations were determined by comparing the optical rotations with the reported values.
We were able to perform other important conversions as the hydrogenation and the dihydroxylation of a,b-unsaturated aminonitriles 4h and 4i. Direct hydrogenation of 4h (96% ee) catalyzed by Pd/C afforded the corresponding saturated aminonitrile with complete racemization. This result should be due to the migration of the olefin to the thermodynamically more stable enamine, followed by reduction. When 4h was treated with other transition metals such as (Ph 3 P) 3 RhCl or Raney Ni under hydrogen atmosphere, elimination of HCN and hydrogenation of the resulting imine occurred to give the secondary amine. Therefore, we tried the hydrogenation after protection of the amine as the trifluoroacetamide. Fortunately, hydrogenation of the protected amidonitrile by Rh/C afforded the saturated 15 in 79% yield (2 steps) without any loss of enantiomeric purity. In addition, dihydroxylation of the trifluoroacetamide, derived from 4i, afforded the amidonitriles 16a and 16b with functionalized side chains. These results clearly demonstrate the utility of this catalytic asymmetric Strecker-type reaction to synthesize a wide variety of natural and unnatural a-amino acid derivatives.
Conclusion
In summary, the Lewis acid-Lewis base bifunctional catalyst 1 is shown to be a general catalyst for the catalytic asymmetric Strecker-type reaction. Products were efficiently converted to a-amino acid derivatives without loss of enantiomeric purities. Specifically, a,b-unsaturated aminonitriles with a high enantiomeric excess were obtained and successfully converted to the n-or functionalized aminonitriles. It was found that TMSCN is more reactive than HCN in the presence of 20 mol% of PhOH, which made it possible the unique catalytic system 2 using a catalytic amount of TMSCN and stoichiometric amount of HCN. The preliminary studies to elucidate the reaction mechanism using the control catalyst 2 suggested that the bifunctional catalyst 1 should promote the reaction via the dual activation of the imine and TMSCN by Al and the oxygen atom of the phosphine oxide, respectively. These results demonstrate that the bifunctional catalysis should become a fundamental concept to design asymmetric catalysts.
Experimental
General NMR spectra were recorded on a JEOL JNM-LA500 spectrometer, operating at 500 MHz for 1 H-NMR and 125.65 MHz for 13 C-NMR. Chemical shifts in CDCl 3 were reported downfield from tetramethylsilane (TMS) (ϭ0) for 1 H-NMR. For 13 C-NMR, chemical shifts were reported in the scale relative to CHCl 3 (77.00 ppm for 13 C-NMR) as an internal reference. Optical rotations were measured on a JASCO P-1010 polarimeter. Column chromatography were performed with silica gel Merck 60 (230-400 mesh ASTM). The enantiomeric excess (ee) was determined by HPLC analysis. HPLC analysis was performed on JASCO HPLC systems consisting of the following: pump, 880-PU or PU-980; detector, 875-UV or UV-970, measured at 254 nm; column, Daicel CHIRALPAK AS, AD, or Daicel CHIRALCEL OJ, OD; mobile phase, hexane-2-propanol. In general, reactions were carried out in dry solvents under an argon atmosphere, unless noted otherwise. Dichloromethane (CH 2 Cl 2 ) was distilled from calcium hydride. Diethylaluminum chloride in hexane (1 M) was purchased from Kanto Chemical. Co., Inc., Tokyo.
General Procedure for the Preparation of Imines The starting material 9-fluorenylamine was prepared by washing CH 2 Cl 2 solution of 9-aminofluorene hydrogen chloride with sat. aq NaHCO 3 before use. Into a mixture of 9-fluorenylamine and molecular sieves (MS) 4A in toluene was added the starting material aldehyde (1.1 eq) at ambient temperature (in the case of aliphatic and a,b-unsaturated imines, the reaction was carried out at 0°C). After stirring for 1 h, MS 4A was filtered off and the resulting solution was evaporated at 25°C to give the desired imines quantitatively. When the product was solid, further purification was carried out by recrystallization from hexane. However, in the case of unstable imines such as aliphatic and a,bunsaturated ones, the resulting imine was directly used as a CH 2 Cl 2 solution.
Benzaldehyde 9-Fluorenyl Imine ( 
General Procedure for the Preparation of the Catalyst 1
The chiral ligand (13 mg, 18 mmol) was placed in the flame-dried flask and dissolved in 0.5 ml of CH 2 Cl 2 . To this solution was added Et 2 AlCl (17 ml, 16 mmol, 0.96 M in hexane) under argon. The resulting mixture was stirred at room temperature for 1 h to give the clear solution. This solution was directly used as a catalyst in the catalytic asymmetric Strecker-type reaction.
General Procedure for the Catalytic Asymmetric Strecker-Type Reaction (System 1) To a stirred solution of the above mentioned catalyst (0.5 ml, 16 mmol) was added the solution of the imine (0.17 mmol) in CH 2 Cl 2 (0.6 ml) at Ϫ40°C, followed by the addition of TMSCN (45 ml, 0.34 mmol). After 30 min, the solution of phenol (3 ml, 34 mmol) in CH 2 Cl 2 (0.2 ml) was slowly added over 17 h. The reaction mixture was allowed to stir for the time shown in Table 3 . Saturated aq. NaHCO 3 was added for quenching and the mixture was diluted with ether. The organic layer was separated, and the water layer was extracted with ether. The combined organic layer was washed with water and dried over Na 2 SO 4 . Further purification was performed by flash column chromatography on SiO 2 to afford the desired aminonitrile.
General Procedure for the Catalytic Asymmetric Strecker-Type Reaction (System 2) To the CH 2 Cl 2 solution (1.0 ml) of the catalyst (33 mmol) prepared as above, was added the solution of the imine (0.352 mmol) in CH 2 Cl 2 (1.0 ml) and TMSCN (70 mmol) at Ϫ40°C. To this mixture, the solution of HCN (0.422 mmol) in CH 2 Cl 2 (0.26 ml) was slowly added over 24 h. After 12 h (total 36 h), the reaction was worked up as described above.
2-(9-Fluorenylamino)-2-phenylethanenitrile ( 127.6, 126.9, 126.8, 126.1, 125.8, 125.1, 120.24, 120.15, 119.0 133.4, 128.9, 128.8, 128.7, 128.5, 128.3, 127.7, 127.6, 127.1 (overlapped),  126.1 125.4, 124.3, 120.3, 120.2, 119.2, 62.3 2-(9-Fluorenylamino)-2-phenylacetamide (9) To a solution of 4a (100 mg, 0.34 mmol) in formic acid (10 ml), HCl gas was bubbled through until the solution was saturated. The mixture was allowed to stir at room temperature for 1 h and the solvent was removed in vacuo. The resulting residue was triturated in saturated NaHCO 3 (50 ml) and extracted with CH 2 Cl 2 (50 mlϫ3). The organic layer was washed with water (50 mlϫ2) and dried over MgSO 4 . After the removal of the solvent, the crude product (108 mg, 100%, 93% ee) was purified by recrystallization from THF/diethyl ether (96 mg, 90%, 100% ee Jϭ7.3, 1.2 Hz, 1H), 7.28-7.18 (m, 6H), 4.93 (s, 1H), 3.96 (s, 1H) 2-Amino-2-phenylacetamide (11) To a solution of DDQ (202 mg, 0.89 mmol) in THF (14 ml) was added 9 (140 mg, 0.45 mmol) in THF (10 ml) at 3°C. After stirring for 1 h at the same temperature, the reaction was quenched by addition of 1 N HCl (0.89 ml) and allowed to warm up to room temperature. The solvents were removed in vacuo and the resulting residue was triturated in diethyl ether. The suspended residue was filtered and washed with diethyl ether (5 mlϫ5) to afford HCl salt of 11. A soluton of the HCl salt in MeOH (3 ml) was passed through a plug of Amberlyst A-21 (OH form) with MeOH (20 ml) and concentrated in vacuo to afford a white powder of 11 (61 mg, 91% 2-Amino-3,3-dimethylbutyronitrile HCl Salt (13) To a solution of 12 (200 mg, 0.73 mmol) in THF (15 ml) was added 1 N HCl (1.5 ml) and stirred at room temperature for 1 h. After the solvents were removed in vacuo, the resulting residue was triturated in diethyl ether followed by filtrating and washing with diethyl ether (5 mlϫ5) to give a white powder of 13 (90 mg, 83%). [a] 18 D ϩ16.4°(cϭ1.0, MeOH) (77.4% ee). Fmoc-tert-leucine A solution of 13 (80 mg, 0.54 mmol) in conc. HCl (2 ml) was heated to 120°C in a sealed tube for 24 h. After cooling to ambient temperature, the solvent was removed in vacuo to afford a 1 : 1 mixture of tert-leucine HCl salt 14 and ammonium chloride. To a solution of the mixture in 50% aq. acetone (4 ml) were added K 2 CO 3 (140 mg, 1.0 mmol) and Fmoc-ONSu (370 mg, 1.1 mmol) and the whole was stirred at room temperature for 4 h. After the removal of acetone in vacuo, the resulting precipitate was filtered off and washed with 5% K 2 CO 3 (10 mlϫ3). The combined aqueous layer was washed with diethyl ether (20 ml), acidified with 1 N HCl and then extracted with diethyl ether (20 mlϫ3). The combined organic layer was washed with brine (50 ml), dried over MgSO 4 
